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Abstract
Assuming that the underlying model satisfies some general requirements such as renormalizability
and CP conservation, we calculate the non-relativistic one-loop cross section for any self-conjugate
dark matter particle annihilating into two photons. We accomplish this by carefully classifying
all possible one-loop diagrams and, from them, reading off the dark matter interactions with the
particles running in the loop. Our approach is general and leads to the same results found in the
literature for popular dark matter candidates such as the neutralinos of the MSSM, minimal dark
matter, inert Higgs and Kaluza-Klein dark matter.
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I. INTRODUCTION
Little is known about the nature of Dark Matter (DM), even though its existence has
been firmly established by multiple astrophysical and cosmological observations. We know its
abundance ( ΩDMh
2 = 0.1197± 0.0022 [1]), the fact that interacts very weakly with normal
matter and that was cold during the time when the first structures formed in the early
universe. These properties naturally arise in scenarios where DM is a Weakly Interacting
Massive Particle (WIMP) and make the latter very compelling DM models (For reviews
see Refs. [2, 3]). One of the chief predictions of such models is the possibility that DM
can annihilate into SM particles. Among these, gamma rays are particularly important
because, in contrast to charged particles, they are not deflected when they propagate through
astrophysical environments and thus point towards the region where they were produced.
Even more important are gamma-ray lines: since no astrophysical process is known to
produce them, the observation of one of them would strongly suggest the existence of WIMP
DM, specially if they come from a region where the concentration of DM is known to be
high (For a review, see e.g. Ref [4]). In fact, the non-observation of statistically significant
gamma-ray lines1 by Fermi-LAT [13–18] or H.E.S.S. [9, 19] allows to set stringent limits on
the DM annihilation cross section into monochromatic photons. Similar limits have been
derived using the CMB anisotropies measured by the Planck satellite [20] (and references
therein).
Consequently, in a given DM model, it is very important to calculate the cross sections
of processes leading to gamma-ray lines. Nevertheless, in contrast to other annihilation
channels, this task is not straightforward. Such processes only arise at one-loop level because,
typically, DM does not couple to photons. Moreover, the number of Feynman diagrams
increases dramatically with the number of charged particles that couple to DM and run in
the loop, which leads to annihilation cross sections that are highly dependent on the DM
1 The DM interpretation of the 130 GeV line found in the Fermi-LAT data coming from the Galactic
Center [5–7] has been disfavored because no evidence of the line was found coming from DM-dominated
objects like dwarf galaxies [8] or coming from the Galactic Center by other gamma-ray telescopes [9].
Also, because the line was hinted in places where it could not be due to DM annihilation such as the
Earth’s Limb [10, 11] and the vicinity of the Sun [12]. In fact, the origin of the line was very likely due to
instrumental reasons as implied by the fact that a later analysis of the telescope data showed no evidence
of the line [13].
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model.
In view of this situation, most of the studies that calculate the annihilation cross section
into gamma-ray lines have been based on specific DM models [21–32, 32–34]. Early studies
focused on certain supersymmetric DM candidates [35–41], culminating with the works of
Refs. [42–44], which reported the full one-loop calculation for any neutralino of the MSSM
annihilating into one or two photons. Another common approach to gamma-ray lines is
based on effective theories where the annihilation into photons arises from high-dimensional
operators in such way that microscopic details of the model are integrated out [45–57].
In this article, we show that in spite of the complexity of the problem, the cross section
for DM annihilations into two photons can be calculated in a general way for any DM
model meeting a basic set of requirements. Similar attempts in this direction were done in
Refs. [58, 59] for DM candidates with s-channel mediators, and more generally in Ref. [60] by
means of the optical theorem when the DM particles are heavier than the particles running
in the loop.
This paper is organized as follows. We start Sec. II by listing the properties that we
assume for the DM, which allows us to determine the corresponding Feynman diagrams.
From them, we read off the interactions between DM and the particles in the loop. In
Sec. III, we then calculate the annihilation amplitudes and the corresponding cross sections.
In Sec. IV, we summarize our findings and illustrate them with examples from popular DM
models. In Sec. V, we present our conclusions. Appendices A discusses the gauge choice
of the vector particles in our work. Appendix B gives technical details concerning and
the Passarino–Veltman functions for box diagrams in the non-relativistic limit. Finally, in
Appendix C, we report some formulas needed to compute annihilation amplitudes.
II. GENERAL PROPERTIES OF THE ANNIHILATION PROCESS DM DM → γγ
A. Classification of the diagrams
In order to systematically study DM annihilations into two photons, we will assume that
the following conditions are satisfied:
(i) DM is its own antiparticle and its stability is guaranteed by a Z2 symmetry. This
implies that DM is electrically neutral and that it can not emit photons.
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(ii) The underlying DM theory is renormalizable. Consequently, any additional neutral
particle, including the DM, do not couple to two photons at tree level.
(iii) In a cubic vertex, photons couple to particles belonging to the same field. For fermions
and scalars, this condition follows from electromagnetic gauge invariance. However, for
charged gauge bosons, that is not the case because photons could couple to Goldstone
and gauge bosons in the same cubic vertex. As discussed below, by choosing an
appropriated gauge, we can nonetheless get rid of such vertices and therefore fulfill
this condition.
(iv) Particles have spin zero, one-half or one.
(v) CP is conserved.
This set of conditions allows us to classify all diagrams leading to DM annihilation into
photons. Eventually, from this classification, we will write down the interaction Lagrangians
that give rise to DM DM → γγ and calculate the amplitude.
Let us start by noticing that conditions (i) and (ii) imply that DM does not annihilate
into two photons at tree level. Furthermore, the corresponding one-loop amplitude must be
finite. The next step is to note that every one-loop diagram must take the form of one of the
topologies shown in the left column of Table I, which we enumerate for later convenience.
There are no other possible shapes for a one-loop diagram with four external legs.
Moreover, from condition (i), we know that each diagram must have a Z2 line starting
and ending at the DM particles in the initial state. Also, since conditions (i) and (ii) forbid
the radiation of photons from neutral particles in the diagrams, the fields running in the
loop must have electric charge. This means that in addition to the Z2 line, there is a closed
line in each diagram carrying electric charge.
The electric charge loop in a given diagram is associated to only one field according to
condition (ii), which we generically call Φ if it is charged under the Z2 symmetry or φ in the
opposite case. In addition, some diagrams have neutral particles that are even under the
Z2 symmetry and that we generically call ϕ. All these fields and their quantum numbers
are summarized in Table II, where we also show how we will represent them in Feynman
diagrams. In particular, lines associated to the Z2 symmetry are in light blue, whereas, as
usual, those associated to the electric charge have an arrow. With these assignments, we just
5
Topology Diagrams Interactions
DM
Φ∗
φ
L1 =
T1
DM
Φ∗
φ
L′1 = γ
T2
DM
DM
Φ∗
Φ
L2 =
DM
DM
φ∗
φ
L3 =
T3
DM
Φ∗
φ
L1 =
DM
Φ∗
φ
L′1 = γ
T4 DM
DM
ϕ
L4 =
φ∗
φ
ϕ
L5 =
T5
T6
DM
DM
ϕ
L4 =
φ∗
φ
ϕL′5 =
γ
Table I: Left column: list of one-loop topologies with four external legs. Every one-loop diagram for the
process DMDM → γγ must have one of these shapes. Central column: List of possible Feynman diagrams
associated to each topology. Lines in these diagrams follow the conventions of Table II. Right column:
Interaction vertices that are necessary for each diagram. All the interactions of charged mediators with
photons are not shown. The hermitian conjugate of each Lagrangian is implicitly assumed.
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Particle Z2 U(1)em Line
DM -1 0
Φ -1 Q
φ 1 Q
ϕ 1 0
Table II: Generic particle content in Feynman diagrams for process DMDM → γγ. We should
stress that, in this work, solid lines represent arbitrary particles and not necessarily fermions.
proved that every one-loop diagram has a light blue line with its ends in the DM particles
of the initial state as well as a loop carrying an arrow.
Using these observations, we can take each topology in the left column of Table I and
assign fields to its lines by following the next procedure2. First, we consider all the possible
permutations of the external legs. Second, we draw the lines carrying the Z2 and the
electric charge quantum numbers. Finally, we discard the diagrams that violate one of
the conditions stated above. In particular, according to the requirements (i) and (ii), we
will disregard diagrams whose initial legs radiate photons or have neutral particles directly
coupled to two photons. Interestingly, this procedure determines the vertices between the
DM and the mediators involved in the annihilation process.
To illustrate the previous procedure, let us first discuss topologies 1, 2 and 3 of Table I.
None of them violates any of our conditions (i)-(v). In fact, they all arise in the one-loop
calculation as long as the interaction vertices listed in front exist. These are
DM
Φ∗
φ
L1 = ,
DM
DM
Φ∗
Φ
L2 = ,
DM
DM
φ∗
φ
L3 = , DM
Φ∗
φ
L′1 = γ . (1)
We wrote the last interaction as L′1 because, in a renormalizable theory, such quartic in-
2 A similar approach was used in Ref. [61, 62] to systematically study the Weinberg operator at one-loop
order.
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teraction can only come from a cubic interaction in which the photon is replaced by a
covariant derivative. Consequently L′1 ⊂ L1. Notice that the previous vertices involve direct
interaction between DM and the charged mediators.
Let us discuss now topologies 4, 5 and 6. Here, the situation is much simpler. A quick
look to the left column of Table I reveals that those topologies have an internal line that
does not belong to the loop. The external particles attached to such line could not be a DM
particle and a photon, because otherwise DM would radiate photons. Similarly, condition
(ii) implies that these external particles can not be two photons. Consequently, all the
viable diagrams that can be constructed out of topologies 4, 5 and 6 correspond to s-channel
diagrams involving a neutral particle ϕ, which couples to the DM at tree-level and that
subsequently decays into two photons via a loop of charged particles. Hence, for these
particular topologies, our problem is reduced to calculating the off-shell decay of ϕ. For
that to be possible, we need the interactions responsible for the production
DM
DM
ϕ
L4 = , (2)
as well as those associated to the decay
φ∗
φ
ϕ
L5 = ,
φ∗
φ
ϕL′5 =
γ
. (3)
Notice that L′5 ⊂ L5.
We arrive to the conclusion that, in any DM model satisfying conditions (i)-(v), the
annihilation into two photons has an amplitude that can be split into two pieces. The first
one includes diagrams associated to topologies 1,2 and 3, in which DM interacts directly
with charged particles by means of the vertices in Eq. (1). The second piece is associated to
diagrams with topologies 4, 5 and 6, in which DM interacts with charged particles indirectly
via the exchange of a neutral particle in the s-channel.
We would like to remark that, even though the total annihilation amplitude is gauge
invariant, that is not necessarily true for the s-channel diagrams separately or the diagrams
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with topologies 1, 2 and 3. For instance, some parts of the amplitude associated to a s-
channel diagram typically cancel with others coming from diagrams with topology 2 or 3.
As a result, we have to carefully specify a gauge for our one-loop calculation.
Conditions (i)-(v)also set restrictions on this matter. For fermions or scalars, condition
(iii) just demands that no FCNC are present. However, for charged gauge bosons, the
situation is more involved because photons could couple to Goldstone and gauge bosons
in the same cubic vertex. For instance, vertices such as γ G+W− are present in linear Rξ
gauges of the SM such as the Feynman gauge (Here, G+ is the Goldstone boson associated
to the W+ boson). Nevertheless, as pointed out in Refs. [42, 63], such vertices are absent in
some non-linear gauges. We refer the reader to appendix A for a detailed discussion. Here,
we just mention that, if there are charged vector bosons acting as mediators, we will always
work in the non-linear Feynman gauge in order to satisfy condition (iii).
In addition, for neutral gauge bosons, we will work in their Landau gauge. This because,
as also shown in Appendix A, if the particle on the s-channel is a massive gauge boson,
its contribution to the annihilation vanishes in that gauge, and only the corresponding
(massless) Goldstone boson must be taken into account. In particular, this implies that L′5
must vanish because its neutral mediator is a scalar and the Lorentz index of the photon
field can not be contracted with the resulting bilinear of charge mediators. Hence, topology
6 is not present.
We are now ready to translate the interactions vertices into Lagrangian terms.
B. Interactions of the DM and the mediators
Let us start by pointing out that, according to condition(iv), the DM field must be a
real scalar, a Majorana fermion or a real vector field. With respect to the mediators with
electric charge, we consider the following possibilities for their fields
Z2-even
mediator φ
:

scalar (S)
fermion (F)
gauge boson (V)
Faddeev–Popov ghost (Gh)
Z2-odd
mediator Φ
:
 scalar (S)fermion (F)
We do not consider the possibility of a mediator Φ as a vector boson or a ghost because it
is charged under the Z2 symmetry. In fact, electrically charged spin-1 particles can only be
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described in a renormalizable way by means of a non-abelian gauge boson, which must not be
charged under a Z2 symmetry. To see this, consider the covariant derivative ∂µ− igVµ. The
whole object must transform in the same way under the Z2 symmetry, if this is preserved.
Because the first term is even, the second one must be even too.
Concerning the neutral mediators ϕ, Table I clearly shows that they are Z2-even bosons
with no electric charge. In the Landau gauge, neutral gauge bosons do not contribute
(only their Goldstone bosons do). Thus, without loss of generality, we will only consider
the possibility of a ϕ as a scalar field. Furthermore, because we are assuming that CP is
conserved, we will classify neutral mediators according to their CP-parity.
Using this, we can now write down the most general Lagrangians associated to the inter-
action vertices of Eq (1), that are compatible with electromagnetic gauge invariance. This is
shown in Table III. There, the letters S, F and V specify the type of charged field, and stand
schematically for scalar, fermionic and vector, respectively. Furthermore, in each case, we
use generic couplings whose subindex corresponds to the Lagrangian they belong to. Since
we assume that CP is conserved, g2 and g3 are real, while g1 is either real or purely imaginary
depending on whether DM is CP-even or CP-odd, respectively.
Notice that we did not write down the Lagrangians L′1 of Eq.(1), as it is included in L1, as
explained above. Note also that Faddeev–Popov ghosts are not present in Table III because
DM can not couple to them. Ghosts would only couple to DM if this were present in the
gauge fixing-term, but that is not possible because it is charged under Z2. Furthermore,
we do not consider the case of vector DM interacting with other spin-1 particle because for
that, on the basis of renormalizability, we would need a non-abelian gauge structure, which
is not possible because the DM is charged under Z2.
Similarly, we can write down the interactions of the neutral mediator. This is shown in
Tables IV and V, where we write L4 and L5, respectively. The couplings g4 and g5 are real.
Note that, in contrast to case of DM couplings to charged mediators, here we do need to
take into account the presence of ghosts because a scalar particle can interact with them if
it also couples to the corresponding charged gauge bosons.
It remains to specify the interactions with photons. For scalar and fermions, this is fixed
10
DM field Mediators DM
Φ∗
φ
L1 =
DM
DM
Φ∗
Φ
L2 =
DM
DM
φ∗
φ
L3 =
DM
φ Φ
Real scalar
S S g1 DM Φ
∗φ DM2 (g2 ΦΦ∗ + g3 φφ∗)
F F DM Φ (g1LPL + g1RPR)φ 0
V S i φµ (g1DMDµΦ∗ + g′1DµDMΦ∗) DM2(g2 ΦΦ∗ + g3 φµφ∗µ)
Majorana
S F φDM (g1LPL + g1R PR) Φ
∗
0F S Φ∗DM (g1LPL + g1RPR)φ
V F DMφµγµ (g1LPL + g1RPR) Φ
∗
Real vector
S S ig1 DM
µ(DµΦ∗φ− Φ∗Dµφ) DMµDMµ (g2 ΦΦ∗ + g3 φ∗φ)
F F ΦDMµγµ (g1LPL + g1RPR)φ 0
Table III: Interactions between DM and the charged mediators.
DM field Mediator ϕ
DM
DM
ϕ
L4 =
Real scalar
CP-even g4ϕDM
2
CP-odd 0
Majorana
CP-even g4ϕDMDM
CP-odd ig4ϕDMγ5DM
Real vector
CP-even g4ϕDMµDM
µ
CP-odd 0
Table IV: Interactions of DM with neutral
mediators.
Mediators
φ∗
φ
ϕ
L5 =
ϕ φ
CP-even
S g5ϕφ
∗φ
F g5ϕφφ
V g5ϕφ
∗µφµ
Gh g5ϕ
(
φ
−
φ+ + φ
+
φ−
)
CP-odd
S 0
F ig5ϕφγ5φ
V 0
Gh ig5ϕ
(
φ
−
φ+ − φ+φ−
)
Table V: Interactions among neutral and
charged mediators.
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by gauge invariance and given by the usual expressions
L
∣∣∣∣
Scalar
Mediators
= Dµφ∗Dµφ+DµΦ∗DµΦ−m2φ φ∗φ−m2Φ Φ∗Φ , (4)
L
∣∣∣∣
Fermionic
Mediators
= iφ /Dφ+ iΦ /DΦ−mφ φφ−mΦ ΦΦ , (5)
where D = ∂− ieQA is the electromagnetic covariant derivative for field with charge Q and
A is the photon field.
In contrast, the interactions of the gauge field φµ with photons are not uniquely deter-
mined by electromagnetic gauge invariance. For instance, if F is the electromagnetic field
strength, the coupling in front of the renormalizable interaction F µνφ∗µφν is in principle not
fixed by gauge invariance3. For concreteness, from now on we will assume that the couplings
of the vector mediator with photons resembles those of the SM W boson, with a possibly
different charge. This assumption is not so restrictive as it allows to study DM with elec-
troweak quantum number as well as other scenarios where DM interacts with other gauge
bosons arising from larger gauge symmetries such as W ′ bosons in left-right symmetric DM
theories (See e.g. Ref. [65, 66]) or 3-3-1 scenarios (See e.g. Ref. [67]). Therefore, the vector
boson Lagrangian is given by
L
∣∣∣∣
Vector
Mediators
= −1
2
(Dµφ∗ν −Dνφ∗µ) (Dµφν −Dνφµ) +m2φ φ∗µφµ − ieQF µνφ∗µφν + Lgf , (6)
where Lgf is the piece of the interaction obtained by the gauge-fixing procedure in the non-
linear Feynman gauge(see Appendix A for details or Ref. [68]).
This is not the whole story. A massive charged vector field requires also one complex
Goldstone boson and four ghosts. In the non-linear Feynman gauge, the former is just a
scalar and is properly described by Eq. (4) if its mass is taken equal to that of corresponding
gauge boson. The latter, which we denote as φ
±
and φ±, have the same mass of the gauge
bosons and interact with electromagnetic field by means of
L = −ieQAµ
(
∂µφ
−
φ+ − ∂µφ+φ− + φ+∂µφc− − φ−∂µφ+
)
− e2Q2AµAµ
(
φ
−
φ+ + φ
+
φ−
)
.
(7)
With all these Lagrangians, we will be able to calculate σv in the next Section.
3 When φ is the W boson of the SM, such coupling arises from the SU(2) structure of the electroweak
interactions. It has been shown that theories with charged gauge bosons with a different coupling from
that of the SM have problems with unitarity [64].
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III. CALCULATION OF THE AMPLITUDE
A. Lorentz structure of the annihilation amplitude
DM moves with non-relativistic speeds in astrophysical environments. This was also true
during the dark ages, where DM could have potentially alter the CMB if it annihilates
producing gamma-ray lines. Therefore, we are only interested in the limit of vanishing DM
relative velocity, v = 0. In that case, we will show that the amplitude of DMDM→ γγ can
be specified by one or few form factors depending on the DM spin.
In the following listing according to DM spin, q and q′ are the momenta of the final
state photons, σ and σ′ are their helicities and  and ′ are the corresponding polarization
vectors. Moreover, both particles of the initial state have the same four-momentum p ≡
(mDM, 0, 0, 0) = (q + q
′)/2.
• Scalar DM: In this case, the annihilation amplitude can be cast asMS =Mµν∗µ′∗ν .
The tensor Mµν depends only on q and q′ and, according to the Ward identities,
satisfies qµMµν = q′νMµν = 0. This, the property  ·q = 0 and the fact that two scalar
particles at rest form a CP-even state imply that
MS = B
(
−gµν + q
′µqν
2m2DM
)
∗µ
′∗
ν = B δσ σ′ , (8)
where B is a scalar function. In terms of this, the cross section reads
σv (DMDM→ γγ) = c|B|
2
32pim2DM
, (9)
with the spin-average factor c = 1. Thus, our goal for spin-zero DM is to calculate B.
• Majorana DM: in this case, we first write the annihilation amplitude as
v1Mµνu2∗µ′∗ν . That is,Mµν is the amplitude after stripping out the spinors of the DM
particles in the initial state. This object has more information than we actually need
because we are only interested in initial states with total spin zero. The state with
total spin one is banned for identical particles because it is totally symmetric when
the two fermions do not move with respect to each other. Following Refs. [42, 69], we
can obtain the amplitude corresponding to the spin-zero initial configuration as
MF = − 1√
2
Tr
{Mµν (/p+mDM) γ5} ∗µ′∗ν . (10)
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Similar to the scalar case, gauge invariance and CP conservation restrict the anni-
hilation amplitude. Taking into account that two Majorana particles at rest form a
CP-odd state, we must have
MF = iB
2m2DM
αβµνqαq
′
β
∗
µ
′∗
ν = B σδσ σ′ , (11)
where B is a scalar function. This can be used to calculate the cross section by means
of Eq (9) with the spin-average factor c = 1/4.
Eqs. (8) and (11) show that the helicities of the photons must equal. This can be
understood from the fact that the total angular momentum is zero when the DM
relative velocity is zero. For scalar particles, this is because there is no spin. For
Majorana particles, that follows from the fact that the spin-one state is not possible.
• Vector DM. In this case, both the initial and final state particles are vector bosons
and we can write the amplitude as MV = Mαβµνα1 β2 µ∗′ν∗ . Assuming a CP-even
initial state, from gauge invariance and Bose statistics, as pointed out in Ref. [23], it
follows that this object can be decomposed as
Mαβµν =B2
[(
− p
µqα
m2DM
+ gµα
)(
−p
νq′β
m2DM
+ gνβ
)
+
(
pµq′β
m2DM
+ gµβ
)(
pνqα
m2DM
+ gνα
)]
+
(
B1gαβ − 2B6 q
αqβ
m2DM
)(
pµpν
m2DM
− g
µν
2
)
. (12)
Hence, our goal is to calculate the function B1, B2 and B6 (we use this notation to
keep the conventions of Ref. [23]). In terms of these, the corresponding cross section
is given by4
σv =
1
576pim2DM
[
3
2
|B1|2 + 12|B2|2 + 2|B6|2 − 4Re
(
B1(B∗2 +
B∗6
2
)
)]
. (13)
We are ready to calculate the loop diagrams and the corresponding cross sections. To
that end, by means of FeynRules [70, 71], we have implement all the Lagrangians quoted
Section II in FeynArts [72]. Then, we calculate the amplitude for the process DMDM→ γγ
in each case and have FormCalc [73] reduce the tensor loop integrals to scalar Passarino–
Veltman functions [74]. Since our process of interest has four external legs, our form factors
4 Even though our expression for the amplitude is the same, for the cross section formula, we have a
disagreement with Ref. [23]
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will depend on the two-, three- and four-point functions B, C and D, respectively. For these
functions, we follow the conventions of FormCalc. In fact, as we discuss in Appendix B, in
the non-relativistic limit the latter must be reduced further to two- and three-point functions.
The corresponding form factors B thus depends only of Passarino–Veltman functions B and
C. We now report such form factors for each scenario.
B. Results for topologies 1, 2 and 3: charged mediators interacting directly with
DM
Let us discuss first the diagrams induced by L2
+ . (14)
Based on general considerations such as Lorentz and gauge invariance, we argued that the
corresponding annihilation amplitude can be cast as shown in Eqs. (8) and (12). We explic-
itly corroborate that and find the following
form factors
induced by L2
:

B = Q2αg2
pi
(1− r2ΦfΦ) for scalar DM and scalar Φ
B1 = 2Q2αg2pi (1− r2ΦfΦ) , for vector DM and scalar Φ
B = 0 (or B1 = 0) otherwise
(15)
as well as B2 = B6 = 0 for vector DM. Here, we introduce the notation ri ≡ mi/mDM and
fi ≡ −2C0
(
0, 4, 0, r2i , r
2
i , r
2
i
)
=

arcsin2
(
1
ri
)
if ri ≥ 1
−1
4
(
log
(
1−
√
1−r2i
1+
√
1−r2i
)
+ ipi
)2
if ri < 1 .
(16)
Similarly, the diagrams associated to L3 are
+ , (17)
which give rise to
form factors
induced by L3
:

B = Q2αg3
pi
(
1− r2φfφ
)
for scalar DM and scalar φ
B = −4Q2αg3
pi
(
1− (r2φ − 2)fφ
)
for scalar DM and vector φ
B1 = 2Q2αg3pi
(
1− r2φfφ
)
, for vector DM and scalar φ
B = 0 (or B1 = 0) otherwise
(18)
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as well as B2 = B6 = 0 for vector DM.
For the Feynman diagrams induced by L1, the calculation is significantly more difficult
because of the presence of box diagrams in the annihilation amplitude such as
, , .
For relative DM velocities approaching zero, i.e. v → 0, the algorithm for reducing the
tensor integrals to scalar functions leads to numerical instabilities and even breaks down for
v = 0. This pathological behavior is well-understood and stems from the assumption that
the external momenta are linearly independent, which is not true here because both DM
particles are assumed to have the same momentum. Following [75–77], we reduce the loop
integrals dropping such assumption. For a detailed description of this procedure we refer
the reader to Appendix B. Using such method, in the case of scalar or Majorana DM, we
find
B
∣∣∣∣
L1
=
Q2α
pi
[
x1 + x2
C0(0, 1,−1, r2φ, r2φ, r2Φ)
(r2Φ − r2φ)(1 + r2Φ − r2φ)
+ x3
C0(0, 1,−1, r2Φ, r2Φ, r2φ)(−r2Φ + r2φ) (1− r2Φ + r2φ) (19)
+ x4
C0(0, 4 , 0, r
2
φ, r
2
φ, r
2
φ)
1 + r2Φ − r2φ
+ x5
C0(0, 4 , 0, r
2
Φ, r
2
Φ, r
2
Φ)
1− r2Φ + r2φ
+ x6B0(4, r
2
φ, r
2
φ)
+ x7B0(4, r
2
Φ, r
2
Φ) + x8B0(−1, r2Φ, r2φ)− (x6 + x7 + x8)B0(1, r2Φ, r2φ)
]
where x1, .., x8 are dimensionless coefficients listed in Appendix C for the different com-
binations of mediators, and Q is the charge of the mediators (which must be the same for
both). The same expressions hold for B1,B2 and B6 in the case of vector DM.
Eq. (19) can be simplified further as a function of analytical expressions. On the one
hand, the Passarino–Veltman functions B0 can be written in terms of logarithms [74]. On
the other hand, the functions C0 in Eq. (19) can be cast either in terms of fΦ and fφ by
means of Eq. (16), or as real combinations of dilogarithms as shown in, e.g., Ref. [43].
16
C. Results for topologies 4 and 5: neutral mediators on the s-channel
Combining the information on Tables IV and V, we can calculate the annihilation am-
plitude for any s-channel process. Concretely, the diagrams associated to L4 and L5 are
+ , (20)
which give rise to
form
factors
induced
by
L4 + L5
:

B = −A (1− r2φfφ) for scalar DM, CP-even ϕ and scalar φ
B = 4Amφ
(
1− (r2φ − 1)fφ
)
for scalar DM, CP-even ϕ and fermionic φ
B = 4A
(
1− (r2φ − 2)fφ
)
for scalar DM, CP-even ϕ and vector φ
B = 2A
(
1− r2φfφ
)
for scalar DM, CP-even ϕ and ghost φ
B = 4√2Am2DMrφfφ for Majorana DM, CP-odd ϕ and fermionic φ
B1 = −2A (1− r2φfφ) for vector DM, CP-even ϕ and scalar φ
B1 = 8Amφ
(
1− (r2φ − 1)fφ
)
for vector DM, CP-even ϕ and fermionic φ
B1 = 8A
(
1− (r2φ − 2)fφ
)
for vector DM, CP-even ϕ and vector φ
B1 = 4A
(
1− r2φfφ
)
for vector DM, CP-even ϕ and ghost φ
B = 0 (or B1 = 0) otherwise
,(21)
with
A = Q
2αg4g5
pi
(
4m2DM −m2ϕ + imϕΓϕ
) . (22)
In addition, for vector DM, s-channel diagrams always lead to B3 = B6 = 0. For fermionic
mediators, these results fully agree with those of Ref. [58].
We would like to discuss, as examples, the case of the Higgs and the Z boson as s-channel
mediators. They are very important not only because they arise in many DM models but
also because we know their couplings to SM particles and consequently their contribution
to the annihilation amplitudes can be calculated precisely.
• ϕ as the Higgs boson. If SM scalar doublet is given by
H =
 G+
v+h+iG0√
2
 , (23)
the relevant couplings g5 are shown schematically in Fig 1. We will use diagrams like
this to represent couplings from now on.
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g 5
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g 5
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Figure 1: Schematic representation of the couplings of the Higgs boson and the charged mediators
present in the loop for h→ γγ as given in Table V.
For scalar DM annihilating into photons via the Higgs on the s-channel, we can com-
pute the amplitude by plugging g5 in Eq. (21). We find
BhSM =
g4α
piv
m2h (1− r2WfW )︸ ︷︷ ︸
loop of G+
−4mDM
∑
f
Q2f Nf mfrf
(
1− (r2f − 1)ff
)
︸ ︷︷ ︸
loop of SM fermions
(24)
+ 8m2W
(
1− (r2W − 2)fW
)︸ ︷︷ ︸
loop of W+
−2m2W
(
1− r2WfW
)︸ ︷︷ ︸
loop of ghosts
 1
4m2DM −m2h + iΓhmh
,
where we scale the fermions contribution with their electric charge and number of
colors. If we define
Ah1(rW ) = −(2 + 3r2W )− 3(2− r2W )r2WfW , Ah1/2(rf ) = 2 r2f
(
1− (r2f − 1)ff
)
, (25)
and notice that m2h = −(4m2DM −m2h + iΓhmh) + 4m2DM +O(α), Eq. (24) can be cast
in a more compact form
BhSM = −
2m2DMg4α
[∑
f Q
2
f Nf A
h
1/2(rf ) + A
h
1(rW )
]
piv(4m2DM −m2h + iΓhmh)
− g4α
piv
(
1− r2WfW
)
. (26)
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In the following section, we will see that, in realistic models, the last term typically
cancels with another one coming from the amplitude associated to L3.
Regarding Majorana DM, the contribution to B involving the Higgs in the s-channel
is zero, while for vector DM Bh2 = Bh6 = 0 and Bh1 is given by twice BhSM of scalar
DM [26].
Notice that if the CP-even scalar ϕ is not the Higgs itself but a neutral particle
that mixes with the Higgs and inherits its couplings to the SM particles, we can use
the previous expressions for calculating the decay amplitude up to a global factor
(obviously, we must also add other possible contributions not present in the SM).
• ϕ as the Z boson. For scalar and vector DM, the amplitude vanishes. For Majorana
DM, as explained above, the vector boson Z itself does not contribute to the amplitude
in the Landau gauge but we have to account for the contribution of its Goldstone
boson, G0, to the annihilation process. In that case, while ghosts give zero, SM
fermions running in the loop give
BZSM =
4
√
2 g4 αm
3
DM
∑
f ±Q2f Nf r2fff
piv(4m2DM −m2G0 + iΓG0mG0)
=
√
2
g4αmDM
piv
∑
f
±Q2fNfr2fff , (27)
where we took g5 = ±mf/v with a negative sign for the charged leptons, the down, strange
and bottom quarks, and a positive sign for the up, charm and top quarks. In the last
equation we used the fact that the Goldstone boson is massless in the Landau gauge.
IV. DISCUSSION
A. Summary of the results
Before discussing concrete examples, we would like to summarize our findings. In Sec-
tion II, we proved that every amplitude form factor can be cast as
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B =
∑
φ,Φ
 + + +
+ + + +

︸ ︷︷ ︸
Contribution of L1 given by Eq. (19)
+
∑
Φ
 +

︸ ︷︷ ︸
Contribution of L2 given by Eq. (15)
+
∑
φ
 +

︸ ︷︷ ︸
Contribution of L3 given by Eq. (18)
+
∑
ϕ,φ
 +

︸ ︷︷ ︸
Contribution of L4+L5 given by Eq. (21)
+Permutations of the external legs. (28)
Hence, in order to calculate the amplitude and obtain the cross section for DM annihi-
lations into two photons, we have to add the contribution of each interaction. The general
algorithm to do this is the following:
1. For spin-1 particles carrying electric charge, use the non-linear Feynman gauge. For
the neutral spin-1 bosons, use the Landau gauge.
2. Identify the charged particles that couple directly to DM.
3. If they are charged under Z2 (i.e. their type is Φ), obtain L2 and the corresponding
coupling g2. This gives a contribution to the form factors equal Eq. (15).
4. If the charged particles are Z2-even (i.e. their type is φ), obtain L3 and the corre-
sponding coupling g3. This gives a contribution to the form factors equal Eq. (18).
5. The interactions L1 involve two charged mediators directly coupled to DM, one is
Z2-even and the other one is Z2-odd. Extract the couplings g1. The corresponding
contribution to the form factors is given by Eq. (19).
6. Identify the neutral scalar particles ϕ that couple to DM. Obtain L4 and the corre-
sponding coupling g4. Then, determine the charged mediators to which the neutral
particle couples to. This gives L5 and, correspondingly, the coupling g5. The total
contribution of these particles to the form factors is given by Eqs. (21).
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W+ (Vector φ)
g3 = 0
DM+ (Fermionic Φ)
g2 = 0
g1L = g1R =
e
2 sW
√
N2−1
2
Figure 2: Schematic representation of the mediators and the couplings for Wino and Minimal DM.
7. After the form factors have been determined, calculate the cross section by means of
Eq. (9) for scalar or Majorana DM, or Eq. (13) for vector DM.
We now discuss six different examples in concrete DM models. We will schematically
represent the corresponding mediators with figures like Fig. 1. There, each mediator is
within in a ellipse that further encloses the couplings associated to vertices where only DM
and the mediator are involved (i.e. g2, g3 or g4). In addition, if two different mediators are
involved in the same vertex, we join them with a line and write the corresponding coupling
on it (i.e. g1 or g5).
B. Concrete examples
1. Wino and Minimal DM
Here we consider fermionic DM that belongs to a self-conjugate SU(2)L multiplet of
dimension N with no hypercharge. This sort of scenario includes Wino DM (for N = 3),
or quintuplet Minimal DM (N = 5). In the first case, a stabilizing symmetry is needed
and that is the role of R-parity in the MSSM. In the second case, an accidental symmetry
protects the stability of DM at renormalizable level.
Here, the only relevant interaction is given by the vertex L1 ∝ DM DM+W−, where
DM+ is the fermion in the multiplet with charge +e. The mediators and the corresponding
couplings are shown in Fig. 2.
Note that if no radiative correction is taken into account, we have mDM+ = mDM, i.e.
rDM+ = 1. Plugging this and the couplings of Fig. 2 in Eqs. (C5), we can calculate the
coefficients in front of the Passarino–Veltman functions for the form factor of Eq. (19). The
corresponding cross section is
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σv =
∣∣∣∣ r4W + 2r2W − 4(1− r2W )(2− r2W )C0(0, 1,−1, r2W , r2W , 1) + r
2
W − 2
r2W (−1 + r2W )
C0(0, 1,−1, 1, 1, r2W )
− 4
(
r2W − 1
r2W − 2
)
C0
(
0, 4, 0, r2W , r
2
W , r
2
W
)− 2
r2W
C0 (0, 4, 0, 1, 1, 1)
∣∣∣∣2α4(N2 − 1)216pis4Wm2DM . (29)
For the Wino case, this equation agrees explicitly with Eq. (22) of Ref. [43]. Even though it
can be simplified further in terms of dilogarithms, for the sake of illustration, we will only
recast the cross section in the limit mDM  mW , that is, when rW → 0. To that end, notice
that in that limit, each of Passarino–Veltman functions diverges at most logarithmically.
Notice also that the coefficient in front of C0(0, 1,−1, r2W , r2W , 1) and C0 (0, 4 , 0, r2W , r2W , r2W )
are finite in that limit, whereas those in front of C0(0, 1,−1, 1, 1, r2W ) and C0 (0, 4, 0, 1, 1, 1)
diverge like 1/r2W . Hence, the latter Passarino–Veltman functions dominate the cross section
in that limit. They give [78]
C0
(
0, 1,−1, 1, 1, r2W
) ' −pi2
8
+
pirW
2
+O(r2W ) , C0 (0, 4, 0, 1, 1, 1) = −
pi2
8
. (30)
Using this, we find σv = piα4(N2 − 1)2/16m2W s4W , in agreement with Refs. [42, 79]. The
same expression can also be obtained by calculating the Sommerfeld effect in the limit in
which the potential is perturbative [80, 81].
2. Scotogenic DM
In this scenario [82, 83], there two types of fields charged under the Z2 symmetry: a
scalar H ′ = (H+, 1√
2
(H0 + iA0))T with the same quantum numbers of the SM scalar doublet
H, and a handful of right-handed neutrinos Nj. The interactions of the scalar doublets are
described by
L = (DµH)† (DµH) + (DµH ′)† (DµH ′)− µ21|H|2 − µ22|H ′|2
−λ1|H|4 − λ2|H ′|4 − λ3|H|2|H ′|2 − λ4|H†H ′|2 − λ5
2
[(
H†H ′
)2
+ h.c.
]
. (31)
For the right-handed neutrinos, the relevant interactions are with the SM lepton doublets
Lβ, which are given by
L = abhβjNjPLLaβH ′b . (32)
The DM candidate is the lightest particle with Z2 charge. If such particle is one of the
right-handed neutrinos, DM can annihilate into photons by means of one-loop diagrams
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e+β (Fermionic φ)
g3 = 0
H+ (Scalar Φ)
g2 = 0
g1L = 0 , g1R = hβ 1
Figure 3: Schematic representation of the mediators and the couplings for Scotogenic DM.
containing a SM charged lepton and H+. The corresponding couplings are shown in Fig. 3,
where DM was taken as N1. Notice that there are no s-channel mediators. Now, it is
straightforward to calculate B by means of Eqs. (C4) and (19). The resulting cross section
is
σv =
α2
64pi3m21
∑
β
r4Hh
4
β1(
r2eβ − r2H − 1
)2 (
r2eβ − r2H
)2 ∣∣∣∣r2eβr2H
(
1 + r2eβ − r2H
)
C0(0, 1,−1, r2eβ , r2eβ , r2H)
−(1− r2eβ + r2H)C0(0, 1,−1, r2H , r2H , r2eβ) +
2 r2eβ(r
2
H − r2eβ)
r2H
C0(0, 4, 0, re2β , r
2
eβ
, r2eβ)
∣∣∣∣2.(33)
In the limit of mDM  me+β , i.e. when reβ → 0, this expression gives (e.g. Ref. [84])
σv =
α2h4β1
256pi3m21
|2C0(0, 1,−1, r2H , r2H , 0)|2 =
α2h4β1
256pi3m21
∣∣∣∣Li2( 1r2H
)
− Li2
(
− 1
r2H
)∣∣∣∣2 , (34)
3. Singlet scalar DM
Suppose that DM is a scalar field φ, which is singlet under SU(2)L [85, 86]. Then, the
only non-trivial interaction of DM with the SM takes place via the so-called Higgs portal
L = λH DM2H†H ⊃ λHDM2(G+G−+v h). Hence, there are five mediators, which are shown
in Fig. 4. First, we have G+, which is involved in the L3 interaction. The corresponding
contribution to the form factor can be computed with Eq. (18). Second, we have the Higgs
boson, which acts as mediator on the s-channel. The contribution of the Higgs boson was
already calculated and reported in Eq. (26). The total form factor is
B = αλH
pi
(
1− r2WfW
)
+ BhSM
= − 2m
2
DMαλH
pi (4m2DM −m2h + iΓhmh)
(∑
f
NfQ
2
fA
h
1/2(rf ) + A
h
1(rW )
)
, (35)
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Figure 4: Schematic representation of the mediators and the couplings for singlet scalar DM.
which, according to Eq. (9), corresponds to a cross section
σv =
m2DMα
2 λ2H
8pi3 ((4m2DM −m2h)2 +m2hΓ2h)
∣∣∣∣∑
f
Q2f Nf A
h
1/2(rf ) + A
h(rW )
∣∣∣∣2 . (36)
This expression is in agreement with the results of the literature (see e.g. [87, 88]).
4. Inert Higgs DM
Suppose that we have an additional scalar doublet H ′ which is charged under a Z2
symmetry (like the Scotogenic model above, but without right-handed neutrinos). Hence,
the relevant interactions are described by Eq. (31) and the DM candidate is the lightest
particle that is charged under Z2. Without loss of generality, we assume this is the H
0
boson.
In this case, the calculation of the cross section is significantly more difficult than in
the previous examples. First, we have diagrams with the Higgs on the s-channel, receiving
contributions not only from SM particles (computed already in Eq. (24)) but also from the
additional scalar H+. Second, and more importantly, the direct interactions of DM with
charged mediators -which give rise to diagrams with topologies 1, 2 and 3- are of two kinds.
One of them is of scalar nature, in which the mediators are scalars H+ and G+; the other
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Figure 5: Schematic representation of the mediators and the couplings for inert Higgs DM.
one is associated to the gauge interaction, whose charged mediators are H+ again and the
W+ boson. All this is schematically represented in Fig. 5.
The contribution of L2 and L3 to the form factor is given by Eqs. (15) and (18)
B
∣∣∣∣
L2+L3
= −αλ2
pi
(
1− r2HfH
)︸ ︷︷ ︸
Loop of H+
−αλ3
2pi
(
1− r2WfW
)︸ ︷︷ ︸
Loop of G+
−4piα
2
s2W
(
1− (r2W − 2)fW
)
︸ ︷︷ ︸
Loop of W+
. (37)
For the Higgs on the s-channel, we can use Eq. (26) for the SM piece and add, by means
of Eq. (21), the contribution associated to the additional charged particle. This is
Bh = BhSM −
αλ3λhv
2
pi (4− r2h + irhΓh/mH0)
(
1− r2HfH
)
(38)
=
2piα
(∑
f NfQ
2
fA
h
1/2(rf ) + A
h
1(rW )
)
− s2W r2Wλ3(1− r2HfH)
pi2 (4− r2h + irhΓh/mH0)
+
α (1− r2WfW )
pi
λh ,
with
λh =
1
2
(λ3 + λ4 + λ5) =
λ3
2
− piα(r
2
H − 1)
s2W r
2
W
. (39)
In the last line, we use mW = e v/2sW , and the fact that, after electroweak symmetry
breaking, the charged particle in the doublet and the DM candidate are not longer degenerate
in mass. Indeed, m2H+ = m
2
H0 − (λ4 + λ5)v2/2. This shows that even though there are
many masses and parameters, the form factor B depends only on four unknown variables:
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rW , rH , λ2 and λ3. Notice that the first one is just the inverse of the DM mass in units of
mW . Using this, we can calculate the contribution of L1 by means of Eq. (19), with the
corresponding coefficients extracted from Eqs. (C1) and (C3).
Finally, putting everything together, we obtain
σv =
∣∣∣∣∣r2H + 3r2W − 1r2W + λ˜2s
2
W
piα
(
1− r2HfH
)− 2λhs2W
piα
(∑
f NfQ
2
fA
h
1/2(rf ) + A
h
1(rW )
4− r2h + irhΓh/mH0
)
+
(
6− 3r2W +
4r2W − 4
1 + r2H − r2W
)
fW +
(
5− r2H +
4r2H − 4
1 + r2W − r2H
)
r2HfH
r2W
− 2
(
1 +
5r2H − r2W + 1
(r2H − r2W )(1 + r2H − r2W )
)
C0(0, 1,−1, r2W , r2W , r2H)
− 2r
2
H
r2W
(
1 +
5r2W − r2H + 1
(r2W − r2H)(1 + r2W − r2H)
)
C0(0, 1,−1, r2H , r2H , r2W )
∣∣∣∣∣
2
α4
32pis4Wm
2
H0
, (40)
with
λ˜2 = λ2 +
s2W r
2
Wλ3λh
piα (4− r2h + irhΓh/mH0)
. (41)
This result agrees with those of Refs. [89, 90], which were found numerically but not analyt-
ically. It also agrees with the cross section obtained with the Sommerfeld effect in the limit
of perturbative potential [91].
5. Singlet-doublet DM and Higgsinos
In this case, the fields that are charged under Z2 are all chiral fermions, two of them
which are SU(2)L-doublets with hypercharge ±1/2 and one gauge singlet. After electroweak
symmetry breaking, one charged fermionD+ is obtained along with three Majorana particles.
The lightest of the latter is the DM candidate, which we call N . The reader can find more
details of the model and its phenomenology in Refs.[92–95]. Here just mention that this DM
candidate interacts with the SM gauge bosons (and its Goldstone bosons) by means of
L = 2mN
v
(
N221 −N231
)
G0Nγ5N +
(
e
2sW
N /W
+
(N21PL +N31PR)D
−
+
√
2
v
G+N ((mNN31 −mDN21)PL + (mNN21 −mDN31)PR)D− + h.c.
)
. (42)
where N21 and N31 are mixing parameters. Higgsino DM is a particular realization of this
scenario when such parameters take specific values and the Z2 symmetry corresponds to
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Figure 6: Schematic representation of the mediators and the couplings for singlet-doublet DM.
R-parity. Furthermore, the pure Higgsino limit is the situation for which N21 = N31 = 1/
√
2
and the charged particle and the DM have the same mass, i.e. mD = mN . Notice that we
omit the coupling to Z boson, as it is not relevant in the Landau gauge. Also, note that the
D+ does not interact with the Goldstone boson, G0. Such interaction is not renormalizable
because it requires at least two scalar doublets and two fermionic doublets.
The calculation of the annihilation cross section is similar to that of the inert doublet
model. First, we have diagrams with the Z on the s-channel, which nevertheless only receive
contributions from the SM fields (see Fig 6). Hence, we can use Eq. (27) directly. Second,
interactions of DM with charged mediators -which give rise interactions type L1- are between
D+ and G+ or W+. All this is summarized in Fig. 6.
With those couplings, we can use Eqs. (C4) and (C5) to determine the coefficients in
front of Passarino–Veltman functions in Eq. (19). The final result is
27
g1L = 0
ξ
(1)
d (Fermionic Φ)
g2 = 0
ψ(0)s (Fermionic φ)
g3 = 0
ξ(1)s (Fermionic Φ)
g2 = 0
g1L = gY Yd
g1R = −gYYs g1R = 0
Figure 7: Schematic representation of the mediators and the couplings for Kaluza-Klein DM.
σv =
α4(N221 +N
2
31)
2
16pis4Wm
2
DM
∣∣∣∣∣(N221 −N231)
∑
f
(±Q2fNfr2fff)
r2W (N
2
21 +N
2
31)
+
(
2r4W − r2W (r2D + 1)− r4D + 6r2D − 1
(r2W − r2D − 1) (r2W − r2D)
+
12yrD
r2W − r2D
)
C0(0, 1,−1, r2W , r2W , r2D)
−
r2D
(
−2r4W + r2W (r2D − 3) + (r2D − 1)2
)
+ 12yrDr
2
W
r2W (r
2
W − r2D) (r2W − r2D + 1)
C0(0, 1,−1, r2D, r2D, r2W )
+
4 (r2W − 1)
r2W − r2D − 1
fW − rD (rD (2r
2
W − r2D + 1) + y (−8r2W + 2r2D − 2))
r2W (r
2
W − r2D + 1)
fD
∣∣∣∣∣
2
, (43)
with y = N21N31/(N
2
21 + N
2
31). The pure Higgsino limit, when mN  mW , gives σv =
piα4/4m2W s
4
W in agreement with Ref. [36, 43].
6. Vector Kaluza-Klein DM
The annihilation of the Kaluza-Klein (KK) DM particle B(1) into two photons was an-
alyzed in the Ref. [23]. This is a nice example of vector DM where the Z2 symmetry
corresponds to the KK parity (indicated as superscript). The particle content of this model
consists of a zero level KK fermion ψ(0) as well as of ξ
(1)
s and ξ
(1)
d , which are its first singlet
and doublet excitation with hypercharge Ys and Yd, respectively. The DM particle couples
to the other fermions according to the Lagrangian
L′ = −gY YsB(1)µ ξ¯(1)s γµPRψ(0) + gY YdB(1)µ ξ¯(1)d γµPLψ(0) + h.c. , (44)
which gives rise to the mediator classification of Fig. 7. Only interactions type L1 are
present. Using Eqs. (C9),(C10) and (C11) we can calculate the form factors B1, B2 and
B6, respectively. Moreover, we can compute the corresponding cross section by means of
Eq. (13). This calculation was previously performed in Ref. [23] for the case when the zero-
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level KK excitation ψ(0) is massless. Our results, valid for arbitrary masses, are in agreement
with the expressions reported in that paper in the limit mψ → 0.
V. CONCLUSIONS
Gamma-ray lines produced in WIMP annihilations play a significant role for indirect DM
searches because they stand out of the soft featureless background and no astrophysical
process is known to produce them. A model-independent study of gamma-ray lines is nev-
ertheless challenging because the calculation of the corresponding cross sections crucially
depend on multiple details of the underlying DM model. This work is a step towards such
study.
By means of a careful classification of the one-loop diagrams leading to DM annihilation
into two photons, we have shown that for any model satisfying conditions (i)-(v), the anni-
hilation amplitude - and consequently, the cross section- can be calculated by just adding
different expressions that we report in Eq. (28). Our results were summarized and exempli-
fied in Sec. IV. We also provide a Mathematica notebook where this is done 5. We find an
agreement with previous works done in the context of popular DM models.
A natural extension of this article is applying the same methods for calculating the
annihilation cross sections associated to the final states Zγ and hγ. In addition, one can
consider going beyond the conditions (i)-(v), for instance by calculating the annihilation
cross section into two photons for Dirac or complex scalar DM. We leave this for a future
work.
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Appendix A: Gauge choice for vector boson mediators
1. Charged gauge bosons
In order to calculate the annihilation amplitude, we assume that the underlying model
meets conditions (i)-(v). The third one in particular is not satisfied by W+ boson in ordinary
Rξ gauges, because of the presence of the interaction
δL = eMW G+W−µAµ + h.c. (A1)
The solution to this problem is to work in a different gauge. The gauge fixing term in the
ordinary Feynman gauge is given by Lgf = −f ∗f with f = ∂µW+µ − imWG+ . If we work
instead with f = ∂µW
+µ − imWG+ + ieAµW+µ, we clearly cancel the interaction term in
Eq. (A1). In fact, this procedure replaces such term by the following interactions between
the W bosons and the photons
δL = −e2AµAνW−µ W+ν + ieAµ(W+µ ∂νW−ν −W−µ ∂νW+ν ) . (A2)
This is the so-called Feynman non-linear gauge. The new gauge fixing term gives rise to the
following interactions between the Faddeev–Popov ghosts associated to the W± boson and
photons [68]
L = −ieAµ
(
∂µc
−c+ − ∂µc+c−
)−ieAµ (c+∂µc− − c−∂µc+)− e2AµAµ (c−c+ + c+c−)︸ ︷︷ ︸
only present in the Feynman non-linear gauge
. (A3)
Even though the expressions reported here are those associated to the W boson, they can
be generalized to any charged gauge boson by rescaling the electric charge. Because of
that, for arbitrary vector charged mediators φ, we assume that terms like Eq. (A1) are not
present, and include Eq. (A2) to their interactions with photons. Furthermore, we describe
the corresponding ghosts by means of Eq. (A3).
2. Neutral gauge bosons in the s-channel
In this appendix, we show that when DM annihilates into two photons via a massive
gauge boson in the s-channel, the corresponding amplitude can be calculated by considering
only the associated Goldstone boson in the Landau gauge. This has been used in Ref. [97] in
30
order to calculate the contribution of the process qq → Z∗ → γγ to the SM background for
a diphoton signal. Here we generalize their arguments to an arbitrary neutral gauge boson
and apply them to DM annihilations.
Let us start by considering the off-shell decay of a vector particle into two photons
ϕρ(k) → γµ(q)γν(q′). After stripping the polarization vectors, the most general decay am-
plitude, compatible with Bose statistics and Lorentz invariance, is given by
Mρµν = C1 (qνgµρ + q′µgνρ) + C2 kρgµν + C3 kρqνq′µ
+ C4 
ρµνα(q − q′)α +
(
C5k
ρµναβ + C6(q
νµραβ − q′µνραβ) qαq′β
)
, (A4)
where Ci are scalar functions. This expression can be simplified further in the center-of-mass
frame. First, there the photons move with opposite three-momentum and consequently their
polarization vectors not only satisfy q ·  = 0 and q′ · ′ = 0 but also q′ ·  = 0 and q · ′ = 0.
This makes C1, C3 and C6 irrelevant once M
ρµν is contracted with the polarization vectors.
In addition, for the same reason, {k, q − q′, , ′} is an orthogonal basis in the center-of-
mass frame, which can be used to prove that6 ρµνα∗µ
′∗
ν (q − q′)α = −kρµναβ∗µ′∗ν qαq′β/q · q′,
and consequently that C4 can be absorbed into C5. We conclude that the amplitude is
determined by
Mρµν = kρ (C2 gµν + C5µναβ qαq′β) . (A5)
This is just a restatement of the Landau–Yang theorem [98, 99]. If the gauge boson is on its
mass-shell, its polarization vector (k) satisfies k · (k) = 0 and, according to the previous
equation, the decay amplitude vanishes. Furthermore, on an arbitrary Rξ gauge (linear or
not), the amplitude for the process DMDM→ ϕ∗ → γγ is proportional to(
gσρ +
(ξ − 1)kσkρ
k2 − ξm2ϕ
)
Mρµν∗µ
′∗
ν = ξ kσ
(
k2 −m2ϕ
) (
C2 g
µν + C5
µναβ qαq
′
β
)
∗µ
′∗
ν
k2 − ξm2ϕ
. (A6)
When the vector particle is on-shell, this expression vanishes as expected from the Landau–
Yang theorem. Most importantly, in the Landau gauge, ξ = 0, the expression vanishes even
off-shell. The decay of the gauge bosons into two photons is thus given only by the Goldstone
boson contribution. Since the latter is a massless scalar, we can calculate the annihilation
amplitude by applying the results presented in Sec. III C.
6 Notice that this relation might not be true in an arbitrary frame because the photon polarization vectors
are not true four-vectors (for instance, their zero component vanishes in any frame).
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Appendix B: Reduction of tensor integrals in the non-relativistic limit
Box diagrams in the annihilation amplitude such as
+ + (B1)
lead to the next four-point loop integrals [74]
D0;Dµ;Dµν ;Dµνρ;Dµνρσ
(
k21, (k2 − k1)2, (k3 − k2)2, (k4 − k3)2, k22, (k3 − k1)2,m21,m22,m23,m24
)
=
∫
dDl
ipi2
1; lµ; lµlν ; lµlνlρ; lµlνlρlσ
[l2 −m21][(l + k1)2 −m22][(l + k2)2 −m23][(l + k3)2 −m24]
(B2)
= D0;Dµ;Dµν ;Dµνρ;Dµνρσ (1, 2, 3, 4) , (B3)
where the kN are related to the external momenta pi as kN =
∑N
i=1 pi. In the original
Passarino–Veltman schema, it is possible to reduce the four-point tensor integrals to scalar
expressions. However, such procedure is based on the assumption of independent exter-
nal momenta pi, which is not our case because the DM legs have the same momentum
(mDM, 0, 0, 0) in the non-relativistic limit. Nevertheless, since there are three independent
momenta, we can still reduce the tensor four-point integrals to a linear combination of tensor
three-point integrals, which can be reduced to scalar functions. For this, we closely follow
the algebraic reduction of Refs. [75–77], but expanding Eq. (B2) in terms of the momenta
ki instead of the external momenta pi.
As an example, we consider the scalar reduction of the tensor Dµ. Very schematically,
we have
Dµ =
∫
dDl
ipi2
lµ
[l2 −m21][(l + k1)2 −m22][(l + k2)2 −m23][(l + k3)2 −m24]
=
∫
dDl
ipi2
lµ
[1][2][3][4]
=α123
∫
dDl
ipi2
lµ
[1][2][3]
+ α124
∫
dDl
ipi2
lµ
[1][2][4]
+ α134
∫
dDl
ipi2
lµ
[1][3][4]
+ α234
∫
dDl
ipi2
lµ
[2][3][4]
=α123Cµ(1, 2, 3) + α124Cµ(1, 2, 4) + α134Cµ(1, 3, 4) + α234 (Cµ(2, 3, 4)− k1µC0(2, 3, 4)) , (B4)
where we did the substitution l + k1 → l′ in the last integral to cast it in the canonical
form of a three-point function. Also, the coefficients αijk can be obtained by solving the
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system [75]
1 1 1 1
0 p21 (p
2
1 − p22 + p25)/2 (p21 + p24 − p26)/2
0 (−p21 − p22 + p25)/2 (−p21 + p22 + p25)/2 (−p21 − p33 + p25 + p26)/2
−m21 p21 −m22 p25 −m23 p24 −m24


α234
α134
α124
α123
 =

0
0
0
1
 ,
(B5)
with p5 = p1 + p2 and p6 = p2 + p3 . The three-point tensor integrals can now be reduced to
scalar integrals
Dµ =α123 (k1µC1(1, 2, 3) + k2µC2(1, 2, 3)) + α124 (k1µC1(1, 2, 4) + k3µC2(1, 2, 4))
+ α134 (k2µC1(1, 3, 4) + k3µC2(1, 3, 4))
+ α234 ((k2µ − k1µ)C1(2, 3, 4) + (k3µ − k1µ)C2(2, 3, 4)− k1µC0(2, 3, 4)) . (B6)
This expression must be compared against the defining expression for the scalar functions
Dµ = k1µD1 + k2µD2 + k3µD3, which leads to
D1 =α123C1 + α124C1 − α234 (C0 + C1 + C2)
D2 =α123C2 + α134C1 + α234C1
D3 =α124C2 + α134C2 + α234C2 , (B7)
with αijkCl ≡ αijkCl(i, j, k). A similar reduction can be applied to the scalar integral D0,
which gives rise to
D0 =α123C0 + α124C0 + α134C0 + α234C0 . (B8)
Appendix C: Coefficients in the Passarino–Veltman reduction of the amplitudes
This appendix reports the coefficients in Eq. (19) according to the spin of the particles
involved in the one-loop diagram.
Scalar DM
For the scalar case we always find x6 = x7 = x8 = 0. The non-zero coefficients for each
mediator combination are:
• Scalar Φ and scalar φ
x1 = 0 , x2 = x4 =
2r2φg
2
1
m2DM
, x3 = x5 = x2
∣∣∣
rφ↔rΦ
. (C1)
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• Fermionic Φ and fermionic φ
x1 =2
(
g21L + g
2
1R
)
,
x2 =2rφ
(
rφ
(
1− r2Φ − r2φ
) (
g21L + g
2
1R
)
+ 4rΦ
(
1− r2φ
)
g1Lg1R
)
, x3 = x2
∣∣∣
rφ↔rΦ
,
x4 =4
(
1− r2φ
)
rφ
(
rφ
(
g21L + g
2
1R
)
+ 2rΦ g1Lg1R
)
, x5 = x4
∣∣∣
rφ↔rΦ
. (C2)
• Scalar Φ and vector φ
x1 =g
2
1
x2 =2
(−r2φ + 2r2Φ) g′21 + 2g1 ((1− r2φ) r2φ + (−2 + r2φ) r2Φ − 2r2Φ) g′1 + 2g21 (2− r2φ) r2Φ
x3 =2g
′2
1 r
2
Φ − 2g1g′1
(
r2φ − r2Φ + 3
)
r2Φ + 2g
2
1
(
2− r2Φ
)
r2Φ
x4 =− 2
(
r4φ − 3r2φ + 2
)
g21 − 8g′1
(
r2φ − 1
)
g1 − 2g′21
(
2− r2φ
)
x5 =2g
′2
1 r
2
Φ − 4g1g′1r2Φ − 2g21
(
r2Φ − 2
)
r2Φ . (C3)
Majorana DM
In this case, we always obtain x1 = x6 = x7 = x8 = 0. As for the non-zero coefficients,
they are listed in the following according the mediators in each diagram.
• Fermionic Φ and scalar φ
x2 =
√
2r2φ(−1 + r2φ − r2Φ)(g21L + g21R) , x5 = −2
√
2rΦ
(
rΦ(g
2
1L + g
2
1R) + 2g1Lg1R
)
,
x3 =
√
2r2Φ(−1 + r2φ − r2Φ)(g21L + g21R) + 4
√
2rΦ(r
2
φ − r2Φ)g1Lg1R , x4 = 0 . (C4)
• Scalar Φ and fermionic φ. We find that the expressions are the same as the ones of
previous case after doing x2 ↔ x3, x4 ↔ x5 with rφ ↔ rΦ. Such behavior can be directly
inferred from the Lagrangians in Table III and Eq. (19).
• Fermionic Φ and vector φ
x2 =2
√
2
(
(r4φ + 4 r
2
Φ − r2φ(1 + r2Φ))(g21L + g21R)− 8rΦ(1− r2φ + r2Φ)g1Lg1R
)
,
x3 =− 2
√
2
(
r2Φ(−3− r2φ + r2Φ)(g21L + g21R) + 8rΦg1Lg1R
)
, (C5)
x4 =8
√
2(−1 + r2φ)(g21L + g21R) , x5 = 4
√
2rΦ
(
rΦ(g
2
1L + g
2
1R)− 4g1Lg1R
)
.
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Vector DM
In this case, we find x3 = x2
∣∣∣
rφ↔rΦ
, x5 = x4
∣∣∣
rφ↔rΦ
and x7 = x6
∣∣∣
rφ↔rΦ
in all cases. In
addition
• Scalar Φ and scalar φ
B1 :

x1 = −
2
(
r2Φ
(
log
(
r2Φ
r2
φ
)
−4
)
+2
(
log
(
r2Φ
r2
φ
)
+2
)
+4r2φ
)
3(r2φ−r2Φ+1)
g21
x2 = 4r
4
φg
2
1
x4 = 4r
4
φg
2
1
x6 =
2(r2φ+2)
3(1−r2φ+r2Φ)
g21
x8 = −g21
(C6)
B2 :

x1 =
(
r2Φ
(
5 log
(
r2Φ
r2
φ
)
+4
)
−2
(
log
(
r2Φ
r2
φ
)
+2r2φ+2
))
3(r2φ−r2Φ+1)
g21
x2 = −2r2φ
(−r2φ (4r2Φ + 1) + 2r4φ + 2 (r4Φ + r2Φ)) g21
x4 = −2r4φg21
x6 =
(2−5r2φ)
3(1−r2φ+r2Φ)
g21
x8 =
g21
2
(C7)
B6 :

x1 =
(
−r2Φ
(
13 log
(
r2Φ
r2
φ
)
+2
)
−2 log
(
r2Φ
r2
φ
)
+2r2φ+2
)
3(r2φ−r2Φ+1)
g21
x2 = 2r
2
φ(3r
4
φ + 3r
2
φ − 6r2φr2Φ − 2r2Φ + 3r4Φ − 1)g21
x4 = 2r
2
φ(4 + r
2
φ)g
2
1
x6 =
(13r2φ+2)
3(1−r2φ+r2Φ)
g21
x8 = −52g21
(C8)
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• Fermionic Φ and fermionic φ
B1 :

x1 =
2(g21L+g21R)
(
r2Φ
(
log
(
r2Φ
r2
φ
)
+2
)
−4 log
(
r2Φ
r2
φ
)
−2r2φ−2
)
3(r2φ−r2Φ+1)
x2 = 4rφ
(
(g21L + g
2
1R) rφ (r
2
Φ + 1)− 4g1Lg1R
(
r2φ − 1
)
rΦ
)
x4 = 4rφ
(
r3φ(g
2
1L + g
2
1R) + 4rΦ(1− r2φ)g1Lg1R
)
x6 = − 2(r
2
φ−4)
3(1−r2φ+r2Φ)
(g21L + g
2
1R)
x8 = g
2
1L + g
2
1R
(C9)
B2 :

x1 =
(g21L+g21R)
(
−r2Φ
(
5 log
(
r2Φ
r2
φ
)
+4
)
−4 log
(
r2Φ
r2
φ
)
+4r2φ+4
)
3(r2φ−r2Φ+1)
x2 = 2rφ (g
2
1L + g
2
1R)
(
r3φ (1− 4r2Φ) + 2rφr4Φ + 2r5φ
)
+8g1Lg1RrΦrφ
(−r2φ + r2Φ + 1)
x4 = 2r
2
φ(2 + r
2
φ)(g
2
1L + g
2
1R)
x6 = − (5r
2
φ+4)
3(1−r2φ+r2Φ)
(g21L + g
2
1R)
x8 =
1
2
(−g21L − g21R)
(C10)
B6 :

x1 =
(g21L+g21R)
(
r2Φ
(
13 log
(
r2Φ
r2
φ
)
+2
)
−4 log
(
r2Φ
r2
φ
)
−2r2φ−2
)
3(r2φ−r2Φ+1)
x2 = −2 (g21L + g21R) r2φ
(
r2φ (1− 6r2Φ) + 3r4φ + 3r4Φ − 1
)
+8rφg1Lg1RrΦ
(−r2φ + r2Φ + 1)
x4 = −2r2φ(2 + r2φ)(g21L + g21R)
x6 =
(4−13r2φ)
3(1−r2φ+r2Φ)
(g21L + g
2
1R)
x8 =
5
2
(g21L + g
2
1R)
(C11)
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